Abstract: a tunnel junction detector with artificial trapping layers, St and S", near the tunnel barrier can be described as an SSIIS"S structure. Gap reduction takes place in S due to the proximity effect with the S' (S') layer. Effective trapping, excitation and tunneling rates of the reduced gap region in the junction are calculated as a function of the operating temperature and junction bias voltage on the basis of a microscopic model of the proximity effect in the SS' sandwich. The calculations are done under the assumption that the thickness of the S' layer ds* is small compared to its coherence length csl and dirty limit conditions are hlfilled for both the S and S' metals. The limits of applicability of these approximations are discussed by calculating corrections to the space dependence of the order parameter in S and S' due to a) finite thickness dsn of the St layer and b) for large mean free path 1, , , 1 in the S and S' layers.
INTRODUCTION
An artificial trapping layer adjacent to the tunnel barrier in a superconducting tunnel junction based detector of high energy particles can be used advantageously to collect the excess quasipaticles (qp), created by the breaking of Cooper pairs after the absorption of the particle, from the absorber very fast and effectively(l). Therefore the calculation of the time constants, which are relevant for the operation of such a device, is of high interest. We have considered a tunnel junction of SS'1S"S type as a model of the detector (S is a bulk superconductor and S' and S" are the trapping layers having smaller bulk energy gaps T, ;
Tcsg' T, ). The characteristic time constants in this problem are: effective quasiparticle scattering and recombination lifetimes for a proximity sandwich SS' and effective tunneling times for electrons and holes tunneling out of the trap in the SSt-sandwich to the other electrode of the junction. These calculated time constants can be applied straightforwardly in the Rothwarf-Taylor equations for the number densities of non-e uilibrium quasiparticles and phonons to describe non-equilibrium processes in the tunnel junction detector?^) .
In this paper we will give some results of a model from which the effective time constants are calculated as a function of temperature, voltage over the junction, and strength of the proximity effect for the case of a dirty metal sandwich ( I , , << <,,,) with thin S' layer (d,, << l,,), where lS,,t,(<,,,~) are the mean free path (mfp) and coherence length in S (So), respectively. The dependence of the results on the S' layer thickness dsv and the applicability of the thin S'-layer approximation will be discussed. Effects due to large mfp in the S and S' layers (the dean limit) will be considered. ( I ) On leave from the Institute of Solid State Physics, 142432 Chemogolovka, Moscow district, Russia
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MODEL OF THE PROXIMITY EFFECT
To describe the proximity effect in an SS' sandwich of dirty superconductors S and S' the McMillan model@) was used before extensively. However it is applicable only for the case of a large potential barrier at the SS' interface and thin S and S' layers ( d , , << <s,s,). For the more general case of arbitrary transparency of the SS' interface a microscopic model of the proximity effect was developed recently (4, 5) for the case of a bulk S and a thin St layer. Short electron mean free paths were assumed in both S and S'. In this case the proximity effect between S and S' is described with three parameters,
1 &I) and the critical temperature ratio T,, / T,. Here p is the normal state resistivity, 5 the coherence length, and D the transmission coefficient of the SS' boundary. In the practically important limit of good electrical contact between S and S', i.e. opposite to that of McMillan, the transmission coefficient D = 1, thus y~ = 0. Most of the calculations in this paper are done for a Nb/Al sandwich with T , g / T, = 0.14, but a variation of the T,, / T , ratio for other materials can be taken into account by renormalization of ym (495).
The time constants of a spatially homogeneous superconductor were calculated by Kaplan et a1. (6) . The generalization to the inhomogenous case, and in particular for an SS' sandwich, was done in ref^.(^,^). As was shown, the time constants can be expressed through the normalized qp and pair densities of states N(E,x) and P(E,x) in the S and S' layers. Therefore one should first solve the proximity effect problem in orde; to calculate N ( E , X) and P(E,x). tunneling rate, as will be discussed below. As an illustration we show the application of the thin-layer model for describing the gap reduction at low temperatures in the electrodes of a Nb/All,AIOx,A12/Nb tunnel junction, in which the thickness dl of the All-layer was varied whereas that of the Al2-layer was approximately kept constant. The solid curve in fig.2 gives a fit to the model with y, l /dl = 0.032 nm-l and y~~ = 0 , the dashed one with the same yml / d l but with y~l l d , = 0.025 nm-l . Taking into account nonzero y~~ gives a good quantitative agreement also for the thickest layers of 40 nm.
QUASIPARTICLE TRAPPING AND TUNNELING TIMES
The trapping rate for the qp due to energy relaxation in the reduced gap region in S and S' is defined as the rate by which the number of qp with energy E > AO , N?, is changed due to phonon emission: Leg increases with increasing y, due to the gap suppression (see fig. 1 ) saturating at a constant value for y, + m because A, reaches AY. Leg also increases with increasing temperature due to the thermal activation of the relaxation rate. Leg is the material independent parameter and therefore fig.3 can be used to estimate a trapping rate for any combination of materials with various T,*/ T, ratios as explained in more detail in (4,7,8) .
The tunneling time of the junction gives the rate with which a quasiparticle tunnels from one electrode to the other. The advantage of a trapping layer is that it reduces the tunneling time largely due to the smaller thickness of the trap compared to that of the bulk. The tunneling rate has to be considered separately for electron and hole-like qps. In the low temperature regime the effective tunneling time for electrons becomes where A'is the area of S' and RN is the junction resistance. The effective tunneling length L* depends eff-t only on temperature and y,, whereas the voltage dependence of the tunneling rate, ri:, is determined by the density of final states to which the qps tunnel. In the spatially homogeneous case L* = d,, then e E t for large voltages 1 and the well-known Ginsberg equation (9) At low temperatures and voltages 1(~)(1+ 2) vanishes and the total current is mainly due to electrons, and according to eq.(l) its voltage dependence reflects therefore the density of states of the electrode 2, N~( A~~ + e n In fig.5 the electron current Z(1+ 2) is shown (a) calculated exactly (solid lines) and (b) according to the approximate relation (2) (dotted lines). It is seen that the approximate dependence (2) gives a reasonably good approximation for the tunnel current and can therefore be used to estimate the tunneling rate at finite voltages. For quantitative estimates one shall use eq.(2) substituting the function N~( A~~+~V ) by the exact dependence as shown in fig.5 , normalized to 1 for large eV. The tunneling rates from electrode 2 to 1 can be derived in the same way. In fig.5 the tunneling currents 1(~)(2 + 1)oc l l~~~( 2 + 1) and ICh)(2 -+ l )~ l/4:;(2 -+ I), as well as the sum current ItOt(2 + 1)= -IM of positive charge from electrode 2 to 1 are shown. The approximation due to q (~~~ -ey) is shown by the dashed line. These curves can also be used to determine the voltage dependence of tunneling rate from 2 to 1. 
GENERALIZATION OF THE MODEL
The solutions of the proximity effect model discussed above were obtained in the limit of a thin proximity layers, dlc,, << 1 and short electron mean free paths in S and S'-layer. Here we discuss qualitatively the deviations fi-om this model when (a) the proximity layer S' is thick, (b) both S and S' are in the clean limit (large electron mfp).
To derive the criterion of the applicability for case (a) we have solved the equations of the proximity effect model numerically for the SN-case (Tot = 0) for arbitrary N-layer thickness. In fig.6 we show the results for the superconducting order parameter at the SN boundary, A,(O), calculated in the thin-layer approximation with y, = ydN I cN and yB = yBNdN 1 cN (dotted lines) and using the exact solution (solid lines) for the same values of y and ~B N .
For thicknesses dN 1 cN < 0.5 the corrections are less than 20% for the y, = 0 case, and even smaller for finite y, values, whereas for larger N-layer thicknesses it is necessary to use the exact solutions of the model in order to obtain quantitative results.
Therefore we consider d,, / c,, 5 0.5 to be a good criterion of applicability for the calculations in section 3.
If both S and S' metals are in the clean limit, then the situation depends on the scattering properties of the SS' boundary. Two qualitatively different limits are to be considered : diffusive scattering and mirror-reflecting scattering. In the first case, which is realized in most of presently made junctions, the dirty limit theory is still valid, at least for thin layers, due to boundary scattering. In the second case important modifications take place. In fig.7 values of pair-breaking parameters y, and y,l the order parameter in S is suppressed stronger in the clean case due to the larger coherence length in comparison with the dirty case. However, for the case N,(O)I NN(0)<l this effect is partly compensated by the difference between y, and y,l, i.e. with decreasing N,(O) / NN (0) the S-layer becomes less effective as a trap. Therefore, materials with smaller density of states at the Fermi level, NN (0), are preferable for creating a trap. More detailed calculations of the dependence of the time constants on the ratio of the densities of states in the clean limit will be given elsewhere.
